Purpose: Gastric cancer (GC) remains a leading cause of death worldwide, and an elevated expression of osteopontin (OPN) may correlate with its poor survival. Alternative splicing of OPN can result in three isoforms, OPN-a, OPN-b and OPN-c. The aim of our current study is to examine the expression pattern and biological functions of OPN splice variants in GC. Methods: Firstly, we evaluated the expression of OPN splice variants in 7 gastric cell lines, 101 pairs of GC tissues and their adjacent non-tumor tissues by Quantative real-time PCR (QT-PCR). Gain-of-function experiments were subsequently performed to determine their diverse roles in malignant behaviors of GC. Besides, their differential effects on the regulation of crucial downstream molecules were further explored in the anti-apoptotic and pro-metastatic process. Results: We found that OPN-b is the dominant kind of OPN isoform in GC cell lines. Although the expression levels of three variants were all elevated in GC tissues, increased OPN-b or OPN-c expression could correlate with clinicopathological features. Functional analyses further showed that OPN-b most strongly promoted GC cell survival possibly by regulation of Bcl-2 family proteins and CD44v expressions. Moreover, OPN-c most effectively stimulated GC metastatic activity by increasing secretion of MMP-2, uPa, and IL-8. Conclusions: Our results suggest that OPN splice variants differentially exert clinicopathological features and biological functions in GC. Therefore, focusing on specific OPN isoform could be a novel direction for developing diagnostic and therapeutic approaches in GC.
Introduction
Gastric cancer (GC) is one of the most common malignancies and the leading causes of death worldwide, due to late detection and high recurrence rates [1] . Therefore, understanding the molecular events involved in gastric carcinogenesis will be crucial for the improvement of its diagnosis and therapy.
Osteopontin (OPN) is initially characterized as a glycophosphoprotein secreted by transformed, ma-
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International Publisher lignant epithelial cells [2] . Previous studies have shown that the elevated expression of OPN is correlated with poor survival in various types of cancers, including GC [3, 4] . In regards to its biological functions, OPN enhances the survival of cancer cells through its interaction with CD44 variant isoforms (CD44v) on the cell surface [1, 5] , and it can also promote tumor metastasis by increasing expression of matrix metalloproteinase 2 (MMP-2) and urokinase plasminogen activator (uPa) [6, 7] . Due to the importance of OPN in malignant tumors, further understanding of its role in GC may facilitate the development of prognostic indicators and therapeutic strategies in such patients [1] .
OPN precusor-mRNA (pre-mRNA) could be subjected to alternative splicing, leading to full-length OPN-a (i.e., consists of all exons) as well as OPN-b (lacks exon 5) and OPN-c (lacks exon 4) [8] . Recent studies have shown that OPN splice variants are differentially expressed and may have functional heterogeneity in a tumor-specific manner [9] . For example, OPN-b expression dominates in gliomas but is hardly detected in breast cancer tissues [10, 11] . Overexpression of OPN-c promotes tumor metastasis in ovarian cancer but prevents both cell migration and invasion in hepatocellular carcinoma [12, 13] . Based on these findings, we postulate that specific OPN isoform might become more valuable as cancer target than OPN itself since its diverse roles are dependent on cancer type. However, up to date, no studies have ever focused on three OPN splice variants in GC.
In this study, we aimed to investigate the expression profile and the biological functions of OPN splice variants in GC. Our results demonstrated that only OPN-b and OPN-c are associated with clinicopathological parameters in GC patients, and that OPN isoforms play diverse roles in both anti-apoptotic and pro-metastatic processes.
Materials and methods

Tissues and Cell Lines
Our study was approved by the affiliated Ruijin Hospital of Jiaotong University School of Medicine. After written informed consents were obtained from 101 patients diagnosed with GC, the tumor tissues and the adjacent non-tumor tissues were collected during surgery with their clinicopathological data. Human GC cell lines (MKN28, NCL-N87, KATO III, BGC823, SGC7901 and MKN45) and an immortalized gastric epithelium cell line (GES-1) were all grown in RPMI-1640 with 10% fetal bovine serum (FBS) in a humidified atmosphere of 5% CO2 at 37°C.
Plasmid Vector Construction and Transfection of Gastric Cancer Cell Lines
The full-length cDNA of each OPN isoform was amplified by the same following primers: 5'-CCG CTC GAG ACC ATG AGA ATT GCA GTG ATT TGC T-3'(F) and 5'-CGC GGA TCC TCC TTT TAA TTG ACC TCA GAA GAT GCA C-3'(R). The obtained products were subsequently subcloned into the vector pIRES2-EGFP (BD Biosciences Clontech, Palo Alto, CA, USA). Sequence fidelity and reading frame accuracy of each isoform-overexpressing plasmid were achieved by DNA sequencing analysis. After vector construction, we chose gastric cell lines MKN45 and SGC7901 to respectively transfect with pIRES2-EGFP, pIRES2-OPN-a-EGFP, pIRES2-OPN-b-EGFP and pIRES2-OPN-c-EGFP plasmid, and then cultured them in the medium supplemented with G418 (Promega, Madison, WI, USA) for the establishment of stably transfected cell clones.
Quantitative reverse transcription-PCR (QRT-PCR)
Score of OPN isoform expression
We first calculated the relative mRNA amounts both in the GC tissues and the adjacent non-tumor tissues. Then we defined the score of OPN isoform expression as previously described [14, 15] : log e (the relative mRNA amount of the GC tissue / the relative mRNA amount of the adjacent non-tumor tissue).
Immunofluorescence studies
As previously described [16] , cells were first stained with monoclonal anti-OPN antibody (IBL, Japan), and then followed by Cy2-or Cy3-conjugated secondary antibody (Molecular Probes; 1:500 dilution) before examination under fluorescence microscopy. Nuclei were simultaneouly stained by DAPI.
Cell proliferation assays
Cell proliferation was assessed by water-soluble tetrazolium salt (WST) assays with the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). And the results were measured as previously described [17] . All experiments were performed in triplicate.
Apoptosis analyses
The classic oxidative injury model with H2O2 was established [18] . Cells were treated with H2O2 (600µM for MKN45 groups and 300µM for SGC7901 groups) within 30 min at room temperature. Fifteen hours after withdraw of H2O2, cells were harvested and assessed for apoptosis by flow cytometry (FACSCalibur, Becton Dickinson,USA). AnnexinV-APC apoptosis kit with propidium iodide (PI) (BD Pharmingen) was used according to the manufacturer's instructions and results were analyzed by CellQuest software (Becton Dickinson). Early and late apoptosis were judged as previously described [19] . All experiments were performed in triplicate.
Western blot analyses
Cell lysates were separated by SDS-PAGE, then transferred to polyvinylidene difluoridemembranes and probed with the corresponding antibodies: monoclonal anti-OPN which recognized the common epitope of all OPN isoforms (1:500, IBL, Japan); monoclonal anti-phospho-Bcl-2, anti-Bcl-2, anti-Bcl-xl, anti-phospho-Bad, and anti-Bad (1:1000, Cell Signaling Technology, Danvers, MA, USA); monoclonal anti-procaspase-3, and anti-actived-caspase-3 (1:1000, Bioworld Technology, Louis Park, MN, USA). Monoclonal anti-GAPDH (1:5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-β-actin (1:5000, Kangchen, Shanghai, China) were also used as loading controls.
Cell migration and invasion assays
Cell migration assays were performed by using transwell chambers (8 μm, 24-well insert; Corning, Lowell, MA, USA). Cells were added to the upper chamber and incubated with serum-free medium. Medium containing 10% FBS was added to the lower chamber. After incubation of 48 h, cells which have migrated from the upper chamber to the lower one were stained with crystal violet (0.1% in methanol). We then counted the stained cells under inverted microscope and photographed them with 100× magnification. At least three randomly selected fields were counted, and the average number of cells was calculated per field. Invasion assays were completed under the same conditions by using Transwell membranes coated with Matrigel (BD Biosciences).
ELISA Assays
To analyze the secretion of protein level, culture supernatant of each group was measured with the commercial ELISA kit according to the manufacturer's instructions (Quantikine R&D Systems, Minneapolis, MD, USA). Briefly, MKN45 cells stably infected with individual OPN isoform or vector control were plated at 5×10 5 cells per well with 1 mL medium containing 10% FBS. After incubation of 72 hours, culture supernatant was collected and subjected to ELISA analysis for the measurement of absorbance at 450 nm.
In vivo metastasis assays
Our animal study was approved by the ethics committee of affiliated Ruijin Hospital of Jiaotong University School of Medicine. For experimental metastasis assays, 4-week-old male nude mice (Shanghai Experimental Animal Center of the Chinese Academy of Sciences, China) were quarantined for a week before tumor implantation. The mice were injected intravenously with 2 × 10 6 cells of each stably transfected MKN45 group. Livers were collected 8 weeks post injection and photographed for gross morphologic examination as previously described [20] .
Statistical analyses
The Mann-Whitney U-test was used to analyze the expression levels of OPN splice variants in the GC tissues and the adjacent non-tumor tissues. The continuous data were all expressed as mean ± SE. The Student's t tests were applied when comparisons between two different groups. A p-value <0.05 was considered to be statistically significant.
Results
OPN splice variants presented different expression profiles in gastric cell lines and differentially correlated with clinicopathological features in GC tissues
To investigate the expression pattern of OPN isoforms in GC, we first analyzed their mRNA levels in gastric cell lines, human GC tissues and the adjacent non-tumor tissues. We found that OPN-b was the dominant isoform in six GC cell lines while OPN-a represented the major one in normal gastric cell GES-1. OPN-c was also upregulated in most of GC cell lines but barely detected in GES-1 (Fig.1A) . However, in human GC tissues, the expression levels of OPN isoforms were all markedly increased than in the adjacent non-tumor tissues (P<0.001; Fig.1B ).
To further determine whether the elevated levels of OPN splice variants are correlated with GC clinicopathological features, 101 GC patients were analyzed. As shown in Table 1 , no significant relationship was found between elevated OPN-a expression and any clinicopathological element such as age, gender, tumor site, histological type, lymph node metastasis or TNM stage. However, elevated OPN-b expression in human GC tissues was correlated with larger tumor size (P=0.032), deeper local invasion (P=0.001) and advanced TNM stage (P=0.044). Meanwhile, higher OPN-c level is also related to more lymph node metastasis (P=0.001), deeper local invasion (P=0.012) and advanced TNM stage (P=0.003). 
Overexpression of each OPN splice variant promoted cell proliferation of GC
To elucidate the contribution of each OPN splice variant in gastric carcinogenesis, each OPN isoform-overexpressing plasmid is constructed and then transfected into both SGC7901 and MKN45 cell lines, in which there were originally low endogenous OPN expression. Stably transfected cell lines were further successfully established with verification of QRT-PCR ( Fig.2A and 2B ), western blot ( Fig.2C ) and immunofluorescence (Fig.2D ). Also as shown in Fig.2D , predominantly either cytoplasmic or nuclear distribution of OPN protein could be observed in the cells which overexpressed different OPN variants.
We then investigated whether elevated expression of OPN splice variants promoted GC cell growth. In WST assays ( Fig. 2E and 2F ), SGC7901 and MKN45 cells which overexpressed individual OPN splice variant all enhanced cell proliferation as compared with the corresponding vector control. However, no significant difference of the elevated growth rate was further observed among OPN isoform-overexpressing groups.
Overexpression of OPN-b most strongly promoted GC cell survival by regulation of Bcl-2 family proteins and CD44v expressions
To further clarify the biological functions of OPN splice variants, we investigated their effects on GC cell survival. After exposure to H2O2, we found significant decrease of apoptotic rate in GC cells which overexpressed OPN-b or OPN-c as compared with the vector control. However, no such anti-apoptotic effect was observed for OPN-a overexpression (Fig3A). Moreover, OPN-b showed stronger protection from cell apoptosis than that as OPN-c did ( Fig. 3B and 3C) .
To explore the regulation of essential pro-survival molecules activated by overexpression of individual OPN splice variant, we next focused on Bcl-2 family members which have been demonstrated to play important role in regulating oxidative stress-initiated apoptosis [21] . These proteins can be separated into two groups: pro-survival members such as Bcl-2 and Bcl-xl, and pro-apoptotic members such as Bax and Bad. Besides, phosphorylation of either Bad (p-Bad) or Bcl-2 (p-Bcl-2) can also promote cell survival, thus belonging to pro-survival members [22, 23] . As we have found in our study (Fig. 3D) , among three isoforms, OPN-b could most strongly decrease Bax level, increase p-Bcl-2 expression, reduce degradation of procaspase-3 and prevent generation of caspase-3 as compared with the vector control. OPN-c could also strongly upregulate p-Bad expression, moderately decrease Bax level and slightly prevent cleavage of procaspase-3. However, no evident effect was exerted by OPN-a overexpression on the regulation of Bcl-2 family members and consequent caspase-3 expression.
In gastrointestinal cancer cells, OPN-elicited cell survival can also be facilitated by engagement of its binding receptors CD44v (especially CD44v6 and CD44v7) [5] . To further find out the downstream molecules involved in anti-apoptotic effects, we then focused on the regulation of CD44v6 and CD44v7 expressions triggered by overexpression of individual OPN splice variant. Our investigation found that upregulation of OPN-b or OPN-c, but not OPN-a, could significantly increase both levels of CD44v6 and CD44v7 in MKN45 cells. Furthermore, OPN-b more strongly enhanced CD44v7 expression than that as OPN-c did. (Fig. 3E and 3F) Overexpression of OPN-c most significantly promoted GC cell migration and invasion by increasing secretion of MMP-2, uPa and IL-8
We further assessed the effects of OPN splice variants on GC cell migration and invasion. Compared with the vector control ( Fig. 4A and 4B ), OPN-a-overexpressing MKN45 cells had 1.61 to 1.79-fold greater migratory capacity (P<0.01). The similar greater capacity was found by 1.73 to 1.89-fold for OPN-b-overexpressing MKN45 cells (P<0.01), and by 2.14 to 2.46-fold for OPN-c-overexpressing MKN45 cells (P<0.01). Similarly in SGC7901 cells, overexpression of OPN-a, OPN-b and OPN-c could all increase the amount of migrated cells by 1.91 to 2.15-fold, 2.30 to 2.42-fold, and 2.63 to 2.85-fold respectively (P<0.01). (Fig 4E, *P<0 .001), while only OPN-c significantly promoted uPa expression (Fig 4F,  *P<0.001) . Moreover, all variants significantly upregulated IL-8 secretion as compared with the vector control, and OPN-c most strongly exerted this stimulative effect among the three (Fig 4G, *P<0 .05, **P<0.01). The results are shown as means ± SE.
In the invasion assay, ectopic expression of OPN splice variants accordingly promoted cell invasion both in MKN45 cell groups (OPN-a, 1.32 to 1.42-fold increase; OPN-b, 1.43 to 1.55-fold increase; OPN-c, 1.58 to 1.72-fold increase; P<0.01) and in SGC7901 cell groups (OPN-a, 1.79 to 2.07-fold increase; OPN-b, 2.29 to 2.67-fold increase; OPN-c, 2.87 to 3.29-fold increase; P<0.01) as compared with corresponding vector control. As shown above, OPN-c most significantly promoted both GC cell migration and invasion among three splice variants. (Fig. 4C and 4D) MMP-2 and uPa are two key players in the process of degrading extracellular matrix during GC cell migration and invasion [24, 25] . We next analyzed the secretion of MMP-2 and uPa by ELISA assays to investigate their alteration triggered by overexpression of individual OPN splice variant in MKN45 cells. Our data showed that three splice variants all promoted MMP-2 expression (P<0.001, Fig.4E ). However, only OPN-c significantly augmented uPa secretion as compared with the vector control (P<0.001, Fig. 4F ). IL-8 (CXCL8) is another chemotactic cytokine described to increase invasive behavior of malignant tumor cells [26] . Here, we also focused on the altered secretion level of IL-8 after overexpression of individual OPN isoform. Our results found that all OPN splice variants could increase IL-8 secretion as compared with the vector control, and that OPN-c showed the strongest stimulative effect on IL-8 expression among three isoforms (Fig. 4G) .
Overexpression of OPN-b or OPN-c increased in vivo metastatic potential of GC and OPN-c showed the stronger effect
We further investigated whether ectopic expression of individual OPN splice variant could affect GC metastasis in vivo. Our study in nude mice found that injection of MKN45 cells which overexpressed either OPN-b or OPN-c could significantly develop more liver metastatic nodules as compared with vector control (Fig. 5A) . However, no more visible nodules could be observed in mice livers by injection of MKN45 cells which overexpressed OPN-a (Fig. 5A) . As statistically shown in 
Discussion
In the present study, we have shown the expression pattern of OPN splice variants in GC. OPN-b was demonstrated as the dominant isoform in GC cell lines, and OPN-c was also elevated in most GC cell lines while barely detected in normal gastric cell line. In GC tissues, increased expression of OPN-b or OPN-c, but not of OPN-a, was associated with diverse clinicopathological features. In according with our observation, it has been reported that high OPN-b or OPN-c expression is correlated with adverse clinicopathological outcomes in both breast cancer and soft tissue sarcoma [27, 28] . Together with these findings in GC cells and tissues, we therefore postulate that the abnormal alternative splicing which results in elevated OPN-b or OPN-c expression may intensively occur during the progression of GC and then afford it more aggressive potentials.
We next clarified the diverse biological functions of three OPN splice variants through gain-of-function model in which GC cells stably overexpressed individual OPN isoform. We demonstrated that OPN variants presented the same subcellular distribution pattern in predominantly either cytoplasmic or nuclear compartment, which is consistent with the previous report [16] . Besides, we found that three OPN splice variants all increased GC cell proliferation with no significant difference among them, which apparently indicates their similar proliferative competence in GC. After the functional heterogeneity of three OPN isoforms was further observed in both GC anti-apoptosis and metastasis, we also explored their different regulative effect on related downstream targets by overexpressing individual OPN isoform in MKN45 cell line since it presents the lowest endogenous level of each variant among our seven gastric cell lines.
It has been reported that OPN plays important role in preventing programmed cell death in response to pro-apoptotic signals such as oxidative stress stimuli [29] . In agreement with this, our study also demonstrated that both OPN-b and OPN-c could effectively protect GC against cells apoptosis which is induced by H2O2. Moreover, OPN-b had stronger anti-apoptotic effect than OPN-c did, which is consistent with a previous report of three OPN isoforms in glioma [11] . However, no cell protection was observed in our study by OPN-a overexpression which has also been reported to prevent glioma cell from apoptosis [11] . Therefore, we indicate that the anti-apoptotic abilities of OPN splice variants are diverse in GC. Bcl-2 family members are known as crucial players involved in cell apoptotic process as they are able to regulate the assembly of apoptosome and result in subsequent caspase activation [30] . Our study further showed that OPN-b and OPN-c could both alter the balance between these pro-and antiapoptotic proteins, thus leading to decreased procaspase cleavage and increased cell survival. Notably, OPN-b had an overall stronger pro-survival effect on the modification of this balance than OPN-c did. However, no altered levels of these apoptosis-related proteins could be found by OPN-a overexpression. Our study thus suggests that OPN splice variants exert diverse anti-apoptotic abilities by differently regulating Bcl-2 family proteins. Besides, it has been reported that both CD44v6 and CD44v7 which serve as OPN receptors on cell surfaces can coordinate the activation of downstream anti-apoptotic molecules and protect cancer cell against apoptosis [5, 31, 32] . Accordingly, our results demonstrated that overexpression of either OPN-b or OPN-c could lead to both elevated levels of CD44v6 and CD44v7, thus promoting consequent GC cell survival. Moreover, the most significant upregulation of CD44v7 which resulted from OPN-b overexpression might further explain the strongest anti-apoptotic effect of this isoform since CD44v7 plays a pivotal role in cell survival as previously reported [32] .
OPN has been implicated as an important mediator of tumor metastasis [33] . In our study, overexpression of each OPN protein isoform also promoted GC cell migration and invasion, which are two crucial processes in metastasis. It is worth mentioning that OPN-c elicited the strongest pro-metastatic potential among the three variants, thus highlighting its role in GC progression. To further understand the molecular basis involved in the pro-metastasis properties of OPN isoforms, we next detected the secretion of MMP-2 and uPa, both of which are closely related to the metastatic potential of GC [24, 25] . Meanwhile, secretion of IL-8 was explored because it can also act as pro-metastatic chemokine [26] . In our study, ectopic expression of each OPN isoform increased secretion of both MMP-2 and IL-8, with the strongest IL-8 upregulation induced by OPN-c overexpression. However, elevated secretion of uPa could only result from ectopic expression of OPN-c. Overall, our in vitro assays suggest that OPN splice variants all promote GC metastasis through increased MMP-2 and IL-8 secretion, and that OPN-c exerts its most potential pro-metastatic effect among three variants via both elevation of uPa and strongest upregulation of IL-8. For further in vivo metastasis assays, we demonstrated that both OPN-b and OPN-c, but not OPN-a, promoted hepatic metastasis in nude mice, and that OPN-c also represented the strongest pro-metastatic isoform. Those in vivo observations of three OPN splice variants may attribute to the combination of their diverse anti-apoptotic and in vitro pro-metastatic abilities. To our knowledge, this is the first study which has discussed the in vivo metastatic potentials of three OPN isoforms.
Further loss-of-function experiment of three OPN variants would be a valuable complement to the study. However, it's technically difficult for us to downregulate each OPN splice variant both specifically and efficiently by RNA interference method, as the target sequences of each isoform which distinguish the one exclusively from the others were only limited at the specific junction of exons according to the difference among their mRNA structures [8] . Hence, to successfully design loss-of-function study and to possibly attain further therapeutic objective, OPN isoform-specific blocking antibodies need to be established in the future investigation.
As portrayed earlier in this study, there is an aberrant alternative splicing of OPN in the development of gastric neoplasm, which contributes to an aggressive profile of this cancer. Alternative splicing, i.e. the process of pre-mRNA splicing including the excision of introns and ligation of exons, can be activated by the proteins containing serine-arginine-rich sequences (SR proteins) [34] . In gastric tissues, it has been reported that the SR proteins exhibit upregulation and stimulation in response to Helicobacter pylori infection which induces approximately 75% of gastric cancer cases [35] . Although little is known about the exact mechanisms underlying the alteration in the splice site of OPN pre-mRNA, we suppose that H. pylori infection is involved as original stimulus. Further studies are necessary for the possible correlation between this bacterium contagion and aberrant expression profile of OPN splice variants in GC development.
Furthermore, it is worth exploring the possible mechanism for three OPN splice variants about their distinct functional activity in GC context. As compared with full length OPN (OPN-a), loss of exon 4 (OPN-c) or exon 5 (OPN-b) may result in altered protein structure and thus damage OPN physiological functions in normal gastric tissue. Concretely, two glutamine residues essential for transglutaminase cross-linking are present in sequences corresponding to exon 4. Therefore, OPN-a and OPN-b, but not OPN-c, can form polymeric OPN complexes which increase the stability of protein [36] . However, excision of exon 4 may make OPN-c more soluble and available for integrin receptors, thus resulting in its strong pro-metastatic activity through downstream enhanced signaling [37] . Accordingly, there is one cluster of phosphorylated serine/threonine residues in sequences corresponding to exon 5 which is absent in OPN-b. As previously studied, tumors appear to express hypophosphorylated OPN which may contribute to aggressive cell behaviors [9] . Moreover, total protein phosphorylation status may be not as important as phosphorylation at specific site. Overall, we hypothesize that the phosphorylated residues in exon 5 may be essential to maintain OPN physiological activities, and that the deletion of exon 5 in OPN-b may therefore lead to its strong anti-apoptotic activity. However, further investigation will help elucidate the exact mechanism of altered OPN isoforms' profile and their functional diversity in GC context.
In conclusion, OPN-b is the dominant isoform in GC cell lines and the elevated expression of either OPN-b or OPN-c in GC tissues has their clinicopathological significance. Moreover, OPN-b exerts the strongest anti-apoptotic effect and OPN-c most potentially promotes GC metastasis. Overall, our study suggests that OPN splice variants have different clinical and biological features in GC. Thus, exploring the roles of OPN splice variants in GC will be a novel direction to develop both diagnostic and therapeutic approaches.
